ADAMTS1/METH1 belongs to the ADAMTS (a disintegrin and metalloprotease with thrombospondin repeats) family of proteins that currently comprises 18 members. Targeted inactivation of the ADAMTS1 gene results in morphological defects in the kidney, adrenal gland, and adipose tissue in addition to growth retardation and infertility in females. To gain further insight on the biology of ADAMTS1, we examined its expression pattern in the developing mouse from embryonic day 10 (E10) to E18. Expression analysis by RNase protection assays revealed detectable levels of ADAMTS1 transcripts in E10-E18 yolk sac, placenta, brain, heart, lung, limb bud, liver, spleen, and kidney, with much lower levels in the adult. Using in situ hybridization, we have localized ADAMTS1 transcripts predominantly to the epithelium of the developing lung, pancreas, kidney and to a subset of neurons in a temporally restricted manner. Expression was also detected in the tunica media of the aorta, pulmonary, and hepatic vessels. q
Results and discussion
ADAMTS1 is a secreted metalloprotease with disintegrin-like and thrombospondin repeats (Kuno et al., 1997 (Kuno et al., , 1999 Rodriguez-Manzaneque et al., 2000) . Disruption of ADAMTS1 in gene targeting studies resulted in decreased growth, female infertility and ureteral, adrenal, and adipose tissue abnormalities (Shindo et al., 2000) . Although the physiological substrates of ADAMTS1 are currently unknown, both aggrecan and versican can be cleaved by this metalloprotease in vitro Sandy et al., 2001 ). In addition, we have demonstrated that ADAMTS1 protein can display anti-angiogenic properties in several in vivo and in vitro assays (Vazquez et al., 1999) . In an effort to further elucidate the function of ADAMTS1 during development, we have characterized its pattern of expression in mouse embryos.
Expression analysis by RNase protection assays (RPA) revealed that ADAMTS1 transcripts were present in the placenta, brain, heart, lung, limb bud, liver, spleen, and kidney from embryonic day 10 (E10) to E18 without much variation (Fig. 1A) . In the yolk sac, ADAMTS1 expression is increased during the later stages of development. To determine which organ showed the highest expression level, we performed side-by-side comparisons at E16 and adulthood. Kidney, placenta, yolk sac, lung, spleen, and heart showed higher ADAMTS1 mRNA levels than limb bud, liver, and brain at E16. However, transcripts were much reduced in adult organs; only lung, kidney, and heart continued to express ADAMTS1 at detectable levels (Fig. 1B) . Consistent with previous reports, systemic exposure to lipopolyssacharide (LPS) induced up-regulation of ADAMTS1 transcripts in both kidney and heart (Fig. 1B) , suggesting a role for ADAMTS1 in acute inflammatory responses (Kuno et al., 1997) .
To determine the cellular source of ADAMTS1 mRNA, we performed in situ hybridization studies in whole embryos (E9-E13) and on histological sections (E9-E18). Our analysis showed that ADAMTS1 was expressed by a subset of epithelial, vascular smooth muscle cells, and neurons. At all developmental time points examined, the kidney and pancreas displayed high and distinct expression patterns. In the kidney, ADAMTS1 was predominantly localized to the epithelium of the mesonephric tubules of E11 ( Fig. 2A , arrowheads) and absent in surrounding mesenchyme. Moreover, the differentiating epithelial cells expressed high levels of ADAMTS1 as the mesonephric kidney is gradually replaced by the developing metanephric kidney. These epithelial cells are derived from the metanephric mesenchyme through the process of epithelial-to-mesenchymal transition. The growing tubules proceed to elongate and form characteristic 'S' shaped bodies ( Fig. 2B, arrowheads (Horster et al., 1999) . During this transition, highest ADAMTS1 expression was observed. The expression persisted in developing nephrons at later stages ( Fig. 2D , E). No signal was detected in the epithelium of the ureteric bud-derived collecting ducts, supporting mesenchyme, or adrenal gland (Fig. 2B, E) . Likewise, the epithelial cells that constitute the parenchyma of the exocrine pancreas/ pancreatic primordium from E14 to E18 expressed notable levels of ADAMTS1 mRNA ( Fig. 2F-H ). Epithelial expression was also detected in the uterus (Fig. 2I ), granulosa cells (Fig. 2J) , as previously reported (Espey et al., 2000) and in several exocrine tissues, such as the glands associated with the wall of the nasal septum ( Fig. 2K ) and lung (Fig. 2Q, R) . We also detected ADAMTS1 transcripts in the vibrissae and hair follicles throughout the body ( Fig. 2M -P, arrows) where the signal was detected in the cortex but not the dermal papilla ( Fig. 2O , P, arrowheads).
Expression of ADAMTS1 in the limb buds ( Fig. 1A ) was of particular interest because aggrecan, a secreted proteoglycan highly present in cartilage, is a substrate for ADAMTS1 in in vitro assays Sandy et al., 2001) . Further analysis by in situ hybridization localized ADAMTS1 mRNA to the apical epithelial ridge at E9 (Fig.  3A , arrowheads) and along the distal region of the limb bud at E11 (Fig. 3B, arrowheads) . This expression pattern became more restricted to the digital interzone between E12 and E16 (Fig. 3C, D) . Transcripts were not detected in condensing mesenchyme from either the developing cartilage primordia or in fully differentiated chondrocytes. Expression was also noted in the cardiovascular system, particularly the heart (Fig. 3E ) and in the smooth muscle cells comprising the tunica media of large vessels, such as the dorsal aorta, pulmonary artery, and hepatic vein ( Fig.  3F-J) . Importantly, these tissues express two proteoglycans, versican and aggrecan, that are in vitro substrates of ADAMTS1 (Iozzo, 1998 ). Previous reports have described the presence of ADAMTS1 in the liver by in situ polymerase chain reaction (PCR) (Diamantis et al., 2000) .
ADAMTS1 transcripts were also observed in two rows of discrete periodic bodies along the medial-dorsal axis (Fig.  3K, L) . To ascertain the nature of these structures, tissue sections and whole embryos were examined for co-expression with several cell type specific markers. Among these markers, TuJ1, an antibody specific for a subset of differentiating neurons but not glial cells (Sullivan and Cleveland, 1986; Sullivan, 1988; Lee et al., 1990) , identified an expression pattern that was temporally, structurally, and spatially identical to that revealed by ADAMTS1 anti-sense riboprobes (Fig. 3M, arrowheads) . Expression of ADAMTS1 in these discrete punctate structures was restricted to E11 and was no longer detected after E12 (Fig. 3K , and data not shown). Connective tissue adjacent to the dorsal root ganglia (DRG) of E14 (Fig. 3N, arrows) and the DRG of E18 (Fig. 3O ) also expressed ADAMTS1 transcripts. Interestingly, recent studies by Sasaki et al. (2001) have reported that ADAMTS1 was induced by neurons following trauma (Sasaki et al., 2001 ). In addition, the epithelium of the choroid plexus of the fourth ventricle of the brain (Fig. 3P ) expressed detectable levels of ADAMTS1 mRNA. Fig. 1 . Expression analysis of ADAMTS1 by RPA. (A) Total RNA isolated from yolk sac, placenta, brain, limb bud, lung, liver, pancreas, heart, and kidney at indicated stages of development was hybridized to an [ 32 P]-radiolabeled ADAMTS1 riboprobe. RNAse A resistant fragments were subjected to electrophoresis. An expected 427 bp ADAMTS1 protected band is detected (arrows). UP, unprotected probe (479 bp). The mouse house keeping gene L32 was used as control for RNA levels (arrowhead). (B) Expression of ADAMTS1 at E16 and adult. Graphs depict average levels of ADAMTS1 mRNA detected from three separate experiments after normalization with L32. Bars indicate standard deviation. LPS, lipopolysaccharide.
In summary, we have demonstrated that ADAMTS1 expression is restricted to a subset of epithelial cells in the kidney, pancreas, exocrine glands, lung, and hair follicles. Transcripts were also present in vascular smooth muscle layer of large vessels, and in a selective population of differentiating neurons of the peripheral nervous system.
Materials and methods

Generation of riboprobe templates
ADAMTS1 ESTs were obtained by standard database search. IMAGE consortium clone ID 1122700 contained a Fig. 2 . Expression of ADAMTS1 on whole mount embryos and sections using in situ hybridization. (A) E11 mesonephric kidney (arrowhead, mesonephric tubules); (B) Whole mount kidney at E14 (arrowhead, nephrons); (C) Section of kidney at E14 (arrows, collecting ducts; black arrowheads, distal and proximal tubules; red arrowheads, 'S' shape nephrogenic tubules); (D) Section of E16 kidney (arrows, collecting ducts; arrowheads, distal and proximal tubules); (E) Section of E18 kidney and adrenal gland (arrowheads, nephrons). Whole mount (F) and section (G) of pancreas at E14; (H) Section of E18 pancreas; (I) Section of uterus (arrow, uterine epithelium); (J) Section of ovary (arrows, granulosa cell layer); (K) Section of E18 serous gland of nasal septum; (L) Lateral face view of a whole mount of E13 (arrow, eye); (M) Frontal face view of a whole mount of E13 (arrow, vibrissae; arrowhead, olfactory placode). Facial sections of E14 (N) and E16 (O) embryos (arrows, hair cortex; arrowhead, dermal papilla); (P) Dorsal skin section of E18 (arrow, hair cortex; arrowhead, dermal papilla). Sections of E14 (Q) and E16 (R) lung (arrows, alveolar ducts; arrowheads, smooth muscle of alveolar sac). AG, adrenal gland; D, dermis; EP, epidermis; I, intestine; K, kidney; L, liver; Lu, lung; ND, nephrogenic duct; P, pancreas; PHB, pancreatic head bud; PTB, pancreatic tail bud; SG, serous gland. Scale bars:
1.9-kb fragment (corresponding to coding region aa303 to aa947 of mADAMTS1), which was cloned into the BamHI site of pGEM7Zf (Promega, Madison). This fragment was used for the generation of riboprobes for whole mount in situ hybridization. Riboprobes for RPA and in situ hybridization on sections were generated after further subcloning a 427-bp HindIII-KpnI fragment from the parental vector.
RNA extraction and RNase protection analysis
Total RNA was isolated from organs of mice at different stages of development by the guanidinium thiocynatephenol-chloroform method (Chomczynski and Sacchi, 1987) . RPA were performed following the manufacture's recommendation (BD Pharmingen, San Diego). A 427-bp fragment corresponding to the metalloprotease domain of mADAMTS1 was used as the template to synthesize [ 32 P]-labeled riboprobes and was hybridized to 6 mg of total RNA from each sample. Autoradiographs were scanned on a phosphorimager (Molecular Dynamics, Sunnyvale) and quantification was performed using ImageQuant (Molecular Dynamics, Sunnyvale).
LPS treatment
Mice were intravenously injected with 50 mg of LPS (Sigma, St. Louis) or vehicle. Four hours after administration, mice were sacrificed and specific organs were dissected for RNA extraction. Fig. 3 . Localization of ADAMTS1 transcripts during mouse development by whole mount and section in situ hybridization. (A) At E9, ADAMTS1 was detected in the apical epithelial ridge (white arrowheads) and in the olfactory placode (green arrowheads); (B) Expression in the limb bud was later (E11) detected in the distal region (arrowheads); (C) Subsequently (E12), it became restricted to the digital interzone (arrowheads); (D) Cells surrounding the cartilage primordium (arrowheads) of the upper limb at E12; (E) In mouse vasculature, ADAMTS1 was observed in the developing heart at E9 (red arrowhead) and in the tunica media of the dorsal aorta and pulmonary artery (red arrowheads) at E14 (F), E16 (G), and E18 (H). The smooth muscle layer (red arrowheads) of E14 (I) and E18 (J) hepatic vessels also expressed ADAMTS1. Transcripts were detected in differentiating neurons at E11 (K, whole mount, arrowheads; L, section, arrowheads); (M) Serial section of (L) was immunolabeled with TuJ1 (arrowheads). (N) ADAMTS1 expression in the connective tissue (arrows) neighboring the DRG at E14; (O) Signal detected in the DRG at E18; (P) Choroid plexus epithelium (arrow) of the fourth ventricle at E18 also transcribed ADAMTS1. CP, cartilage primordium; DA, dorsal aorta; DRG, dorsal root ganglia; H, heart; HV, hepatic vessel; L, liver; LA, left atrium; LV, left ventricle; PA, pulmonary artery; T, thymus; V, ventricle. Scale bars: A ¼ 800 mm; B ¼ 600 mm; C ¼ 1 mm; D,F-G,I-J,N-P ¼ 100 mm; E ¼ 230 mm; H,M ¼ 167 mm; K ¼ 333 mm.
In situ hybridization
Whole mount in situ hybridization of mouse embryos and neonate organs was performed as previously described (Wilkinson et al., 1987) .
In situ hybridization on 20 mm cryosections of mouse embryos and adult organs was performed as previously described (Villa et al., 2001 ).
Immunohistochemistry
TuJ1 immunolabeling (mouse anti-rat TuJ1; BabCO, Berkeley) was performed on cryosections (20 mm) of murine embryos embedded in OCT.
